Since the pioneering insight of Ramó n y Cajal that the brain is built from individual neurons connected together into neuronal networks, the analysis of neuronal connectivity has been an important goal for neuroscientists. Today, it is widely acknowledged that brain function depends on the specific patterns of neuronal connectivity and on the dynamics of activity within neuronal networks.
The ultimate goal for a connectivity study is to take a brain and describe all the connections between all neurons, and to do so within a reasonable amount of time. For this, we need high-throughput methods with single-cell resolution. If we consider animals with large brains, such as mammals, the task is enormous. Nonetheless, in recent years a number of inventive technologies have appeared that have given the connectivity field a large boost. There have been major advances in describing local connectivity within individual brain regions using new methods in electron microscopy (Collman et al., 2015; Denk et al., 2012; Kasthuri et al., 2015) . However, electron microscopy is not yet well suited to determine the longrange connectivity of large brains.
The long-range connectivity of a brain region can be described at two levels of detail. At the first level, the goal is to take each neuron within a brain region of interest and describe the target regions their axons project to. This level of detail has single-cell resolution at the brain region of interest and a coarser, brain-region resolution at the axonal projections. At the second level of detail, the goal is to describe the connectivity between a brain region of interest and other brain regions, both at single-cell resolution.
In this issue of Neuron, Kebschull et al. (2016a) study long-range connectivity at the first level of detail. The idea is straightforward: label each neuron of a brain region of interest with a unique tag that fills the entire neuron, from the cell body to the axon terminal, and then detect the levels of each tag in different brain regions (Figure 1 ). Implementing this idea, however, has required ingenious methodology. The first method to tackle the problem, coined ''brainbow,'' was developed by Livet et al. (2007) . Here, each neuron is tagged with an analog label, a fluorescent color. By matching the color of the axon to the color of the cell body, it was possible to follow axonal projections. However, a drawback of ''brainbow'' is that the number of color tags that can be differentiated is lower than the number of neurons in a brain region.
The idea of Multiplexed Analysis of Projections by Sequencing (MAPseq) described here by Kebschull et al. (2016a) is to digitize tagging technology in order to increase the diversity of unique tags astronomically! The chosen tag was a 30-bp-long mRNA molecule. The number of possible unique mRNA molecules of this length is 10
18
, a truly astounding number that is far larger than the number of neurons in the human brain (10 11 ). The mRNA can be detected by reverse transcription and DNA sequencing. Digital labeling of neurons with polynucleotide chains was first used by Walsh and Cepko (1992) to analyze the distribution of clonally related neurons in the brain. Kebschull et al. (2016a) made use of inventive molecular engineering to extend this idea and determine axonal projections by expressing mRNA molecules (mRNA barcodes) in individual neurons.
The first problem they solved was to get the mRNA barcodes to the axon terminals. Kebschull et al. (2016a) expressed two genomic components from recombinant Sindbis viruses (Kebschull et al., 2016b ) to achieve this. The first component codes for a recombinant protein (MAPP-nl), which is composed of a presynaptically localized protein and RNA binding domains (nl) that specifically bind to a 15-nt RNA hairpin, boxB. The second component is the random 30-ntlong mRNA barcode connected to four copies of boxB and to GFP. Therefore, when a virus infects a neuron, the expressed mRNA is transported to axon terminals by MAPP-nl (Figure 1) . The authors confirmed that the mRNA barcodes fill distal and proximal neuronal compartments with similar efficacy.
The second problem was to make sure that each neuron received only one type of mRNA barcode, and that each mRNA barcode was only expressed in one neuron. The authors used theoretical models and experimental testing to adjust the diversity of their viral library and the number of injected viruses to get close to the ''one neuron, one barcode'' optimum.
The third problem was to avoid sequence-specific amplification bias and to allow the pooling of dissected brain slices. Here, the authors used a clever trick: a random 12-nt unique molecular identifier and a 6-nt slice-specific identifier were included in the primers for reverse transcription, which then allowed the individual barcode sequences to be tracked and quantified, even after amplification and multiplexing of samples.
With this robust method for analyzing long-range connectivity in hand, the authors used MAPseq to understand the projection patterns of individual neurons in the locus coeruleus. The locus coeruleus is a small brain stem nucleus that is the sole source of noradrenaline to the cortex. Noradrenaline gates attention, enhances formation of long-term memory, and is thought to regulate decision making in foraging. Previous experiments using methods without single-cell resolution have suggested that the neurons of the locus coeruleus project broadly to the cortex throughout the ipsilateral hemisphere (Foote and Morrison, 1987; Schwarz et al., 2015) . Kebschull et al. (2016a) tagged neurons of the locus coeruleus and quantified mRNA barcode levels in the olfactory bulb and cortical regions from 22 coronal slices to determine the projection pattern of each neuron. The results were surprising: individual neurons of the locus coeruleus projected in diverse and idiosyncratic ways to specific target regions, innervating some targets hundreds of times more strongly than others. Nevertheless, once all neurons had been averaged, their axonal projections covered the entire cortex, as shown using retrograde viral tracing methods (Schwarz et al., 2015) . On average, every cortex-projecting neuron innervated 65% of cortical slices at a detectable level, revealing a broad, weak innervation of the cortex. Consistent with previous findings, a considerable fraction (23%) of all mapped neurons projected to the olfactory bulb, and such projection appeared to be independent of projections to the cortex. Hierarchical clustering of the projection profile did not uncover any distinct cell classes, suggesting the intriguing possibility that individual neurons in the locus coeruleus have the same potential to project to any cortical target region, and that the choice is arbitrary for each neuron.
Due to the large diversity of the barcoded viral library, MAPseq could be used to determine the logic of projections from more than a single brain region of interest. To demonstrate this, the authors injected viral libraries bilaterally to the left and right locus coeruleus and determined the projection patterns from both in one experiment without crosstalk. In principle, multiplexing MAPseq to dozens of injections per animal is feasible. A particularly important application of multiplexed MAPseq would be the tracing of long-range projections in nonhuman primates or other less-common animal models, where cost per animal is high and multiplexing is thus especially welcome.
In its current form, one disadvantage of MAPseq compared to brainbow technology is that the spatial resolution at the projection target regions is low. The authors are exploring ways to overcome the current limits by laser-capture microdissection of target areas (Espina et al., 2006) or fluorescent in situ sequencing (Lee et al., 2014) . Finally, a caveat of the technology is that fibers of passage also contain mRNA barcodes. The number of passing fibers in the dissected region should therefore be minimized, for example, by limiting the analysis to the gray matter.
MAPseq has potential for further extension. First, MAPseq could be targeted to cell types expressing sitespecific recombinases such as Cre or Flip. Sindbis virus is an RNA virus that precludes the use of Cre or Flip (which act on DNA) to directly cut the viral genome. However, it may be possible to express mRNA barcodes from neurotropic DNA viruses, or to conditionally allow viral entry by expressing an ectopic receptor for modified Sindbis viruses equipped with the appropriate ligand (Wall et al., 2010) . Second, the projection pattern acquired using MAPseq could be combined with cell-type transcriptome data or neuronal activity data obtained by functional imaging. Third, in its current form, MAPseq can be used only for mapping neuronal projections, but it has the potential to map synaptic connectivity: by bringing barcode mRNA to both pre-and postsynaptic compartments and isolating the joined pre-and postsynaptic barcode mRNAs, synaptic connections could be detected (Zador et al., 2012) . After neurons have been infected with a barcoded viral library, the mRNA barcode fills the entire neuron and can be extracted both from a synaptic target and the source region. By sequencing the barcodes, one can build a projection map at single-cell resolution.
Finally, the advantage of MAPseq is that it has few distinct components, each of which can be varied individually. This could empower researchers to tweak the components for their own needs. MAPseq will likely serve as a core technology for revealing the wiring diagram of the brain.
In this issue of Neuron, Yuzwa et al. (2016) identify secreted factors that influence the cell fates of embryonic neural progenitor cells. Surprisingly, the major contributors are trophic factors from the GDNF family and a cytokine, interferon-g. Advanced analysis of proteomic and transcriptome data discovered ligand receptors that influence cell-cell communication.
A dream of computational biologists is to be able to predict the outcomes of individual cells and circuits from different environmental stimuli. These stimuli are usually initiated by ligand-receptor interactions. Dial in a growth factor or a small molecule at a specific concentration and dial out the protein modifications and transcriptional changes that are needed to generate development lineages and cell-fate decisions. Is this really feasible?
Voluminous data is now being generated at a rapid rate from proteomic, structural, and metabolomics approaches that can conceivably map every phosphorylation, ubiquitination, and proteolytic event in the cell. All roads lead to transcription. As such, microarray, single-cell RNA sequencing (RNA-seq), histone modifications, and DNA methylation patterns can likewise define which transcription factors are activated or silenced. From all this information, it should be possible to make models to predict which cellular decisions are made. But there have been few attempts to use and apply this information. We are still some distance from making predictions. There is too much data, too much complexity, and too many variables. It has become easier to accumulate data and much harder to integrate and make conclusions of a predictive nature.
One approach to this problem is to simplify and reduce the number of possibilities. Developmental studies in Drosophila have defined a small number of protein ligand-receptor systems, which are highly conserved (Hurlbut et al., 2009) . They include the receptor tyrosine kinase family (RTK), Notch, the Wnts, the TGF-b family, Sonic Hedgehog (SHH), and the many ligands that use G-proteincoupled receptors (GPCR) and JAK/STAT signaling ( Figure 1A ). This list does not contain other membrane proteins, such as ligand-gated ion channels and immune receptors, or nuclear receptors. Nevertheless, ligand-receptor interactions
